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Nanobubbles are designed to increase structural stability and enhance the distribution of the transported
drug to the targeted site. They can efficiently penetrate the desired area from the bloodstream due to
the small size of nanobubbles. In general, the structure of the bubbles contains a gas inside, surrounded
by an outer polymeric shell. In this study, perfluoropentane was utilized as a gaseous core whereas
collagen was used to form shells because of its biodegradability and excellent biocompatibility. The
release studies of collagen nanobubbles prepared at several drug doses were carried out in a Franz cell
using a dialysis membrane at different pH (5.5-7.4) and temperature (4.0-40.0 °C) ranges. In the release
experiments with collagen nanobubbles, it was observed that approximately 70% of the drug was
released within 6 days at pH 7.4 whereas the same releasing rate was achieved within only 24 h after
exploding by ultrasound treatment. At the same time, a cytotoxicity study was carried out to demon-
strate the effectiveness of the synthesized nanobubbles. With increasing drug loading concentration and
ultrasound treatment, the cytotoxic activities of nanobubbles became similar to those of the free drug
(ibrutinib). Furthermore, cell culture studies were performed to assess in vitro drug-releasing efficiencies
of nanobubbles by using the Hela cell line as a model of soft cancer tissue. In conclusion, these
nanobubbles could be classified as an efficient alternative to carrying active agents for treating soft
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1. Introduction

Drug delivery systems aim to transport the active substance
throughout the body to achieve the intended therapeutic effect.
Moreover, targeted/controlled drug release is a technique that
allows a drug to be released to the desired area in the body for a
desired time and dose."” Herein, the drug must be physically or
chemically attached to the material called the scaffold.* Release
of the drug can sometimes occur either through adjustable
degradation of the scaffold or sometimes by diffusion. Therefore,
it is possible to regulate the amount of the drug released by many
parameters such as the chemical and physical properties of the
scaffold, the distribution method, and the application methods of
the drug.*

Because cancer is one of the diseases with the highest
mortality rate in the world, many treatment methods have been
proposed including surgery, radiotherapy, chemotherapy,
immunotherapy, and a combination of these.”> Chemotherapy
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is used in the first stage of treatment although it has disad-
vantages such as not being able to fully target the desired area
and not achieving the acceptable therapeutic effect. On the
other hand, insufficient solubility of chemotherapeutic drugs
used in treatment also causes limited biodistribution, decreased
bioavailability, and poor pharmacokinetic properties.®

Ibrutinib (IBR) is a potent orally administered therapeutic
that acts via irreversible inhibition of Bruton’s tyrosine kinase
(BTK).” Due to its inhibition efficiency, IBR has gained impor-
tance in the last decade for the treatment of mantle cell
lymphoma (MCL) and chronic lymphocytic leukemia (CLL).?
Unfortunately, it has both very low solubility in water and
bioavailability at only 3%.° Considering this situation, higher
doses of IBR are required to achieve the desired therapeutic
effect. However, high-dose drugs cause increased toxicity and
side effects. As is well known, chemotherapeutics administered
in higher doses not only kill cancer cells but also damage
healthy tissues.’ In this respect, researchers focused their
attention on medical applications to treat cancer safely
and more effectively, and nanotechnology has provided an
opportunity to design delivery systems containing the drug to
be used.'

Nanobubbles, gas-containing spherical materials surrounded
by an outer shell, are considered an alternative nanocarrier for
drug release studies with a size range of less than 1 uM in
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aqueous solution.">'* Nanobubbles have attracted great atten-
tion due to their promising features such as structural stability,
small size, high surface-to-volume ratio, long life, and acoustic
properties.'>'* In relation to biomedical applications, nano-
bubbles exhibit sensitivity and responsibility to environmental/
external stimuli including ultrasound waves, light, and changes
in pH.">'® Accordingly, nanobubbles enable a variety of bio-
medical applications such as ultrasound imaging, drug delivery,
and therapy in biomedical applications.’®'"'” On the other
hand, polymers (both synthetic and natural), lipids, and proteins
have been utilized to provide targeted delivery to the site of
interest, both using novel therapeutic anti-cancer agents and
adjustable and controlled release of these therapeutics.'® It has
also been shown in many studies that these materials increase
the effectiveness of cancer treatment and significantly reduce
side effects.

Collagen, one of the most preferred biopolymers, is a pro-
tein found abundantly in the human body, especially in skin
and bone tissue. There are several important reasons for the
effectiveness of collagen in drug delivery systems in cancer.'®™!
Firstly, the fact that cancer cells contain more integrin receptors
makes the use of collagen advantageous® because integrins
promote the development of integrin-antagonist molecules that
impair tumor growth of both tumor cells and tumor-associated
cells, particularly endothelial cells.>*** Secondly, collagen con-
tains the arginine-glycine-aspartic acid (RGD) repeating tri-
peptide recognition site.”> RGD sequences are recognized by
integrins, and this specific recognition takes collagen one step
further in drug delivery systems, particularly in cancer treat-
ments. Using this feature, collagen plays a major and efficient
role in passively targeting tumor tissue without any need to
immobilize functional groups or affinity ligands such as small
molecules, receptors, enzymes, or antibodies.

In this study, we focused our attention on developing a
targeted controlled drug-carrying system using nanobubbles
for the therapeutic efficiency of IBR. To this aim, collagen
nanobubbles were synthesized by the two-surfactant emulsion
formation method using lecithin and palmitic acid with per-
fluoropentane as a gaseous core. Synthesized collagen nano-
bubbles were characterized by using scanning electron
microscopy (SEM), Fourier transform infrared (ATR-FTIR), zeta
size, and potential measurements. Controlled drug-release
studies were performed through two different approaches
including with/without ultrasound treatment in order to show
the effects of exploding those nanobubbles on drug-releasing
kinetics. Moreover, the cytotoxicity of nanobubbles was assessed
by performing cell-culture studies with an L929 cell line as healthy
cells and a HeLa cell line as a model of soft cancer tissue via
MTT assay.

2. Materials and methods
2.1. Chemicals

To form the outer shell of the nanobubbles, collagen was used
after being obtained from Collagen Solutions Ltd (Glasgow,
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Scotland). Perfluoropentane (gas to fill the nanobubbles),
lecithin, palmitic acid, sodium dihydrogen phosphate, sodium
phosphate, sodium hydroxide, and hydrochloric acid were
obtained from Sigma-Aldrich (Maryland, USA). Ethanol was
supplied from Isolab (Eschau, Germany), and Pluronic-F68
was used as a stabilizing agent and obtained from Thermo
Fisher (Waltham, USA). Ibrutinib was provided by TOBIO Phar-
maceuticals (Istanbul, Turkiye). Biotech dialysis membrane
(12-14 kDa) was used for release studies. All other chemicals were
of analytical standard and used as received. Deionized water used
in all steps has a conductivity of 18 MQ.

2.2. Preparation of collagen nanobubbles

Collagen nanobubbles were synthesized via the two-surfactant
emulsion formation method. Briefly, lecithin, one of the sur-
factants to produce the emulsion was dissolved in absolute
ethanol to obtain a concentration of 3% (w/v). After that,
palmitic acid, the second surfactant was added to the lecithin
solution at a final concentration of 0.3% (w/v) and dissolved at
room temperature whereas the final ethanol content was
4.7% (w/v) in the final solution. While stirring at 250 rpm at
room temperature, ibrutinib (in four different amounts in the
range of 1.0-4.0 mg) was added to the previous solution and
completely dissolved. Furthermore, the absorbance value of the
resulting solution was measured with a spectrophotometer (at a
wavelength of 260 nm) to calculate the recovery. Perfluoropen-
tane (2.196 mL) was then added to this solution and deionized
water (12.47 mL) was added until a milky emulsion was formed.
This mixture was placed in an ice bath and homogenized using
an ultrasonicator at 12 000 rpm for 3 min (Fig. 1). During this
step, the solution was removed from the ice bath, and subse-
quent stirring continued with a mechanical mixer at 90 rpm at
room temperature for 5 min. In order to wrap the micelles,
collagen solution (2%, w/v in deionized water) was added
dropwise meanwhile applying continuously stirring the solution
for a while. An aqueous solution of 0.01% Fluronic-F68 was then
added as a stabilizing agent. The resulting bubbles were washed
three times with deionized water while centrifuging them at
10000 rpm at 10 °C for 15 min. Herein, the supernatant
was removed from the nanobubbles which precipitated at the
bottom. In order to calculate the drug loading efficiency/
capacity performances, washing-out solutions were collected
after centrifugation to quantify the IBR via spectrophotometric
measurements. The resulting nanobubbles were filtered with
0.45 um, and 0.22 um CA (cellulose acetate) membrane filters,
respectively, and stored at +4.0 °C.

2.3. Structural analyses

Morphological structure analyses of nanobubbles were performed
by scanning electron microscopy (TESCAN GAIA 3, Brn-
Kohoutovice, Czech Republic). Approximately, 10 pL of nano-
bubble samples were dropped on double-sided carbon tape,
dried in open air, and then analyzed after coating with a thin
gold layer. The attenuated total reflection-Fourier transform
infrared (ATR-FTIR) spectrophotometer (Scattered Reflection,
Thermo model-Nicolet-IS 10 FTIR) was used to characterize the
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Fig.1 A schematic representation of the flow chart for experimental steps. (i) Preparation of the solutions; (i) homogenization in an ice-bath;

(iii) checking the nanobubble formation and subsequent filtration; (iv) drug release analysis via a Franz cell; and (v) cell culture for cytotoxicity analysis.

functional groups of the nanobubbles. Herein, the nanobubbles
were dropped on a glass surface and dried prior to measurement.
Particle size and zeta-surface charge were measured to assess the
effects of the drug loading on the surface charge and size of the
synthesized nanobubbles (Malvern Zetasizer Nano-ZS ZEN 3600).

2.4. Drug loading capacity/efficiency

In order to calculate the rate of drug loading into the nano-
bubbles, the spectrometric measurements (Shimadzu UV-mini
1240 UV-Vis spectrophotometer) were performed at 260 nm.
Before performing the measurements on starting and washing-
out solutions, a series of standard IBR solutions were prepared
to obtain a calibration curve while drawing a curve of concen-
tration vs. absorbance. By using the equation for the calibration
curve, the amounts of drug molecules in these solutions
were calculated whereas drug-loading efficiency was measured
by using suitable mass-balances.

2.5. Drug release studies

In order to determine the drug release profiles of ibrutinib-
loaded nanobubbles before and after the ultrasonic treatment,
release studies were performed while evaluating the effects of
the parameters concerning pH (5.5-7.4), IBR loading amount
(1.0-4.0 mg), and temperature (4.0-40.0 °C). A Franz diffusion
cell was used for this aim whereas cellulose membrane having a

12052 | J Mater. Chem. B, 2024, 12, 12050-12061

cut-off as 12-14 kDa was used as the separator. After treating
the membranes with a buffer solution (10 mM, pH 7.4) at room
temperature overnight, they were placed between the parts of
Franz cells while contacting a solution containing drug-loaded
nanobubbles (1.0 mL) in the upper part and with the fresh
releasing buffer solution (2.0 mL) in the lower part, where
magnetic stirring was applied at 90 rpm to achieve homogeneity.
Samples were taken from the bottom part of the Franz cell at the
specified time intervals and the same volume of a fresh buffer
solution was immediately added as the sample volume that was
taken out. Separately, the solution containing the nanobubbles
was immersed in a water bath in the release studies of nanobub-
bles after ultrasound treatment. The probe of the ultrasound
device (Chattanooga, Intelect Mobile Combo - Model 2778, Texas,
USA) has optional specifications in terms of frequency (1 MHz or
3 MHz), duty cycles (10%, 20%, 50%, continuous), pulse repeti-
tion rate (16, 48, or 100 Hz), and pulse duration (1-31.25 ms; max
(ON): 31.25 ms, and min (OFF): 5 ms), which was also immersed
in this water bath and activated at a 3 MHz frequency at 2 W cm ™ >
power density for 7 minutes. After this treatment step, the
exploded nanobubbles were immediately be conducted to the
release study as mentioned above. In order to quantify the IBR
amount in the fresh solution, the samples collected at the
specified time interval were measured with a UV-Vis spectro-
photometer at a wavelength of 260 nm.

This journal is © The Royal Society of Chemistry 2024
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2.6. Mathematical modeling of release kinetics

The data obtained from the release studies with/without ultra-
sound treatment were analyzed by using well-established
kinetic equations. Herein, three different models such as
zeroth-order, first-order, and Korsmeyer-Peppas kinetic models
were used to this aim as given below.

Zero-order model: g, = qo + kot (1)
First-order model: Ing, = Ingo — kyt (2)
Korsmeyer-Peppas model: M,/M, = kt" (3)

where g, is the amount of drug dissolved in time ¢, g, is the
initial amount of drug in the solution and k, is the zero-order
release constant expressed in units of concentration/time.
In addition, M,, = cumulative drug amount released at the
time, M, = cumulative drug amount released at the time, M,/M,
is a fraction of drug released at time ¢, k is the release rate
constant and 7 is the release exponent, respectively.

2.7. Cytotoxicity studies

To demonstrate the cytotoxicity, in other words, biocompat-
ibility, of the nanobubbles synthesized, a well-known 3-[4,5-di-
methylthiazole-2-yl]-2,5-diphenyltetrazolium bromide test (MTT)
assay was performed based on our previous studies.”® We used
the mouse fibroblast (L929) cell line as healthy cells and the
human cervical (HeLa) cell line as soft cancer tissue cells.
Herein, drug-free (bare) nanobubbles, drug-loaded nanobubbles,
ultrasound-exploded drug-loaded nanobubbles, and free drug
samples have interacted with the L929 cells and HeLa cells at
different concentrations (5, 10, 25, 50, and 75 uM) for 24-hour
incubation. Firstly, the samples were dissolved in ethanol
and sterilized by UV radiation for 30 minutes. Samples in the
different concentrations (5, 10, 25, 50, and 75 uM) were pre-
pared in a cell culture medium. For the MTT assay, briefly, L929
cells (2 x 10* cells per mL) and HeLa cells (1 x 10" cells per mL)
were planted in plates with 96 wells and incubated at 37 °C and
5% CO,. After 24-hour incubation, the cells were treated with
the samples given at the different concentrations mentioned
above. After 24-hour treatment, an MTT assay was performed
while measuring the absorbance (OD) values at 570 nm using a

e
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Fig. 2 SEM images of nanobubbles: (a) before filtering, (b) after filtering,
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UV-visible spectrophotometer (EZ Read 400 Microplate Reader,
Biochrom, UK). All values were reported as the mean =+
standard deviation of six biological replicates. The percentage
of cell viability is calculated using the following equation in
accordance with the literature.”” The morphological changes
in the cells were analyzed utilizing an inverted microscope
(IX70 Olympus, Japan).

Cell Viability (0/0) = [(ODsample - ODblanl{)/(ODcontrol - ODblank)]
(4)

3. Results and discussion

3.1. Characterization studies

After the synthesis and washing-out processes of nanobubbles
were completed, morphological and physico-chemical charac-
terization studies were performed. First, the SEM observations
were performed through two different approaches with/without
a filtering step in order to assess their size, and size distribu-
tion from micro- and nano-scale (Fig. 2). Fig. 2A showed the
nanobubbles before filtering whereas Fig. 2B showed them
after filtration. In addition, drug-loaded nanobubbles were also
investigated through SEM observations in order to evaluate the
effects of drug loading on the size and size distribution of
nanobubbles (Fig. 2C). The average sizes of the nanobubbles
were calculated from SEM images by using a software, called
Image] while counting and measuring the sizes of 25 nano-
bubbles and calculating their average size with standard devia-
tion (SD). This calculation was applied for all samples such as
drug-free (before and after the filtering process) and drug-
loaded nanobubbles, separately. The average sizes of the nano-
bubbles were calculated as 353.2 + 138.8 nm, 33.4 &+ 11.4 nm,
and 179.0 & 29.1 nm, respectively. As observed in these images,
the filtering process significantly decreased the size from
353.2 nm to 33.4 nm and resulted in a narrower size distribution,
in which SD values decreased from + 138.8 nm to + 11.4 nm.
These results figured out that the filtering step is necessary for
getting rid of the larger (in micro-scale) nanobubbles to achieve
the nanobubbles in the nanoscale with a narrower size dis-
tribution. In light of this observation, the nanobubbles were

QZ 211.79 nnr

@ $1-161.50nm

1:7 v

)

Scan speed: 6 Ll | SEMHV: 7.0kV
BI: 6.00
Det: In-Beam SE

500 nm | vView field: 4.45 um Det: SE 1 pm

SEM MAG: 46.7 kx WD: 5.89 mm

and (c) drug loaded.
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used after the filtering process for further steps. On the other
hand, the drug-loading process caused an increase in terms of
size. The size after the drug loading process was calculated as
179.0 nm with a relatively low size distribution of £29.1 nm.
This situation basically depended on the entrapment of
drug molecules inside the nanobubbles and/or in between
the polymeric shell and surfactant layer. Because the amount
of ingredients inside nanobubbles increased, the force inside
the nanobubbles increased as well, which resulted in enlarging
the nanobubbles in terms of size.

The variation of size and size distribution of nanobubbles
depended on the filtering and the drug loading process that
was optimized by using four different feeding drug amounts
as mentioned before. Furthermore, the zeta potential measure-
ments of all nanobubbles were performed to evaluate the
charge variation (ESI,f Fig. S1). The results are summarized
in Table 1. It was observed that the zeta potential decreased
negatively as the amount of the drug loaded into the nano-
bubbles increased. This increase is because as the drug enters
the nanobubble, the proton donor/acceptor groups in the
drug’s structure direct the positive charge-providing functional
groups of the collagen in the outer shell towards the inside. As a
result of this orientation, the amount of positive charge sources
on the outer surface decreases, resulting in the zeta potential
value shifting to the negative region. The hydrodynamical
diameters of the nanobubbles increased as the amount of drug
loaded into the nanobubbles increased. Herein, it should be
noted that the size of nanobubbles measured via SEM obser-
vation and zeta-size measurements was quite consistent.
It is clearly seen that there is a non-significant difference only
because of the principle of measuring the hydrodynamic dia-
meter during the zeta-size analysis method. Furthermore, the
stability and the presence of perfluoropentane in the gaseous
core were evaluated with GC-MS studies (ESL,1 Fig. S2-S5 and
Table S1). The results revealed that nanobubbles have a gas-
eous core and a polymeric shell that exploded after ultrasound
treatment. In addition, the power density (1 MHz or 3 MHz)
of ultrasound treatment has no significant effect after 300 s
treatment period (ESI,T Fig. S6).

Employing FTIR-ATR analyses, the functional groups of
IBR, drug-loaded, and drug-free nanobubbles were investigated

Table 1 Zeta-potential and zeta-size results of nanobubbles
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(Fig. 3). The characteristic bands of IBR were observed as
the -N-H and the C-H stretching bands at 3344 cm ™" and
2972 ecm™ ', respectively. Furthermore, the bands at 1565 cm ™,
1474 cm™ ', and 1233 cm ™! correspond to the C=C-C, C=N,
and CN stretching vibrations of the aromatic ring in the
structure of IBR (Fig. 3a). When the FTIR-ATR results of drug-
loaded nanobubbles were examined, it was observed that the
characteristic bands of ibrutinib were observed herein as well
(Fig. 3b). On the other hand, the drug-free nanobubbles do not
have those characteristic bands related to the chemical struc-
ture of IBR except only aliphatic C-H stretching bands around
2970 em " of the collagen, amide I/II stretching bands around
1650 cm™ " and ether/ester C-O-C bands around 1500 cm '
were observed corresponding to polypeptide structure of col-
lagen (Fig. 3c).”® In conclusion, FTIR-ATR results revealed the
chemical composition and successful loading of the drug
molecules into the nanobubbles.

3.2. Drug loading capacity/efficiency

In order to calculate the drug loading efficiency, the calibration
curve was plotted using the absorbance values of IBR concen-
tration in the range of 0.1-10 mg mL ™" at 260 nm wavelength
by spectrophotometry (ESL, Fig. S7). The equation of the curve
was calculated as y = 0.0458x + 0.0073 with a regression
coefficient (R*) of 0.9989. The loading efficiency of IBR-loaded
nanobubbles was calculated by determining the amount of
drug before (feeding solution) and after (washing-out solution)
synthesis steps. The drug loading efficiencies of nanobubbles
concerning the initial drug feeding amounts were 43.0%,
62.0%, 71.0%, and 87.0% for initial drug amounts in the range
of 1.0-4.0 mg, respectively. Significantly increased drug loading
and entrapment efficiency was obtained by the increasing the
initial IBR concentration. Herein, the higher drug concen-
tration forces the drug molecules to collect into the bubbles
in the emulsion medium due to the concentration gradients
between polar (aqueous) and non-polar (organic) phases and
higher solubility in the organic phase (surfactants and solvent).
The increase of loading more drug molecules into the bubbles
lead to an increase in the diameter of the bubbles, which was
also confirmed by SEM and zeta size analysis. In conclusion,
it was observed that the amount of drug loaded into the

IBR amount (mg) Molecular structure of IBR ZP (mV) Average size, d (nm) Polydispersity index
— 20.0 124.5 £ 9.5 0.359
1.00 18.4 136.2 £ 7.6 0.353
2.00 O 1.8 132.2 £ 6.0 0.358
3.00 —21.1 148.6 £ 5.1 0.313
4.00 —24.0 208.8 £ 5.1 0.468
NH,
N™ N
L A"
N N
@)
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Fig. 3 FTIR-ATR spectra of (a) IBR, (b) drug-loaded, and (c) drug-free
nanobubbles.

nanobubbles could be adjusted by varying the initial feeding
amount concerning the final desired drug amount for carrying/
releasing purposes.

3.3. Drug release studies

3.3.1. Without ultrasound treatment. Considering factors
such as oxygen deficiency in cancer cells, the pH of the medium
around the cancer tissue micro-environment differs from that
of healthy cells.>® Because of this difference between healthy
and cancer tissue micro-environments, the researchers have
developed pH-responsive drug delivery systems in related to
pH-dependent drug release kinetics as well as pH-dependent

100
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carrier degradation.’® Therefore, because of the unique and
ubiquitous properties of tumor acidity among drug delivery
systems, the use of pH-responsive nanocarriers in cancer
therapy is prominent.*® Furthermore, drugs are primarily released
from pH-sensitive nanostructures due to processes such as
swelling, cleavage, and protonation.>°

In this respect, polypeptide-based polymeric (collagen) shell
structures were preferred due to their strong pH-dependency
besides their RGD repeating units for targeting the cancer
tissue. During the profiling of the release rate, drug release
studies were performed without ultrasound treatment to
explode the bubbles. To this aim, release studies were per-
formed with IBR-loaded nanobubbles at different pH (pH: 5.5;
6.0; 6.8; 7.0; 7.4) values for 6 days to determine the effect of pH
on drug release performance (Fig. 4A). In the release study, it
was observed that the drug release from the nanobubbles
increased sharply in the first 2 hours (Fig. 4B), and subse-
quently established a linear kinetic until the 6th day. As a result
of the release study, it was observed that the highest release
occurred at pH 7.4. Herein, it was calculated that the bubbles
released 31% of the drug in the first two hours at this pH
whereas total up to 69% of the drug was released at the end of
the 6th day after slowing down the releasing rate. The rapid
drug release in the first stage is associated with the high drug
concentration inside the nanobubble, which creates the
concentration gradient between the inside and the outside of
the bubble. Afterward, this concentration difference decreased
relatively, and a drug release rate for the next six days (Fig. 4C)
was almost equivalent to the amount of drug released only in
the first two hours (Fig. 4D).

In addition, the effects of drug loading amount on the release
kinetic were evaluated in this step. As seen in the Fig. 4C and D,
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the increase in drug amount in the nanobubble also increased the
cumulative amount of drug released as expected. In the first 2 h,
the cumulative drug release rates of 1.0 mg, 2.0 mg, 3.0 mg, and
4.0 mg-loaded nanobubbles were calculated as 16.9%, 23.0%,
31.8%, and 42.4%, respectively. At the end of 6 days, these values
were calculated as 40.1%, 61.9%, 69.4%, and 84.7% in the same
order. According to the results, the increasing drug concentration
had a significant effect on the cumulative amount of released
drug, especially in the initial part of the drug release, which was
directly related to the concentration gradient that caused internal
pressure on the nanobubble’s shell between the inside of the
nanobubble and the environment. On the other hand, the effect
of concentration on the amount of drug released during the
longer release period (6 days) was determined to decrease rela-
tively due to the diffusion-controlled release kinetics of the release
model. This depended on the decrease in this concentration
gradient and the establishment of the equilibrium situation.
Furthermore, a set of release studies was conducted at
four different temperatures in order to determine the effect of
temperature on drug release from nanobubbles. As given
temperature-dependent drug release profiles (Fig. 5A and B)
in the first 2 h, the cumulative release amount significantly
increased by increasing temperature until 37.0 °C, then decreased
at 40.0 °C. This result mainly depended on the interactions
between drug molecules and polymeric shell, the boiling tem-
perature of perfluoropentane (28.0 °C) used as a gas filler inside of
the nanobubbles, the structural fluctuation of nanobubbles, and
the conformational changes in the polypeptide-based structure of
the collagen. The basic interactions were assumed as hydrogen
bonds between the collagen groups forming the outer shell
of the nanoballs and drug molecules, which were weakening
by increasing temperature; in other words, the drug molecules
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escaped more easily. However, other factors may compete with
these main forces and change the drug release profile at higher
temperatures. As mentioned before, there was an unexpected
significant increase in the cumulative release amount after the
3rd day (4320 min) at 40.0 °C. To reveal the reason for this
behavior, a set of experiments to evaluate the structural stabi-
lity of the nanobubbles was performed. These results may be
related to the temperature of the release environment having
undesired effects on the structural uniformity of the nanobubbles
which might deteriorate under this situation. Accordingly, the
sizes of the nanobubbles were separately analyzed at 37.0 °C and
40.0 °C on days 2-4 to observe the structural change and the
structural degradation.

To confirm the temperature-structural stability, the size
analyses of nanobubbles in release environments at 37.0 °C
and 40.0 °C were performed just before degradation (2 days,
2880 min), at the beginning of degradation (3 days, 4320 min),
and after degradation (4 days, 5760 min) (Fig. 5C and D).
According to the size analyses, there was no degradation in
the nanobubbles released in the release environment at 37.0 °C
whereas a deterioration effect of the temperature on the nano-
bubbles was observed at 40.0 °C. As no significant variation was
observed during evaluation at 37.0 °C (Fig. 5C) there was no
change in the size and size distribution of the nanobubbles.
In contrast, it was observed that there is an adverse effect of
temperature (40.0 °C) on the nanobubble size, size distribution,
and structural stability as enwidening in the size and formation
of new size peaks in the zeta-size curve (Fig. 5D).

3.3.2. With ultrasound treatment. Ultrasound increases
the permeability of biological barriers such as cell membranes
and blood-brain barriers by triggering vibrations in the fluid
medium, increasing the kinetic energy and thus increasing the
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Fig. 5 Temperature-dependent drug release profile for (A) first 120 min and (B) 6 days. Size analysis of nanobubbles to assess thermal stability at (C)
37.0 °C and (D) 40.0 °C for (a) 2 days, 2880 min, (b) 3 days, 4320 min, and (c) 4 days, 5760 min.
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ambient temperature.*** In light of this well-known phenomenon,
drug release studies were performed after treating the nanobubbles
with ultrasound. Herein, three effecting parameters including pH,
drug-loading amount, and temperature were evaluated in parallel
with the previous experimental set. The release of ultrasound-
exploded nanobubbles in the first 24 hours is considerably higher
than that of ultrasound-untreated nanobubbles as expected.

When the pH study was examined, it was observed that the
pH-dependency of the drug release kinetic in the case of ultra-
sound-exploded nanobubbles was similar to that of ultrasound-
untreated nanobubbles while the highest cumulative release
amount was achieved at pH 7.4 (Fig. 6A). In the pH range (pH:
5.5, 6.0, 6.8, 7.0, and 7.4), the cumulative drug release amounts
during 24 h-releasing period were, respectively, determined
as 13.0%, 12.5%, 16.1%, 12.3%, and 36.1% for ultrasound-
untreated nanobubbles whereas they were determined as
36.9%, 46.3%, 52.7%, 37.4%, and 66.9% in the same order
for ultrasound-exploded nanobubbles. The results showed that
ultrasound has a significant effect on drug release from nano-
bubbles while allowing an almost 2.5-3.0-fold increase in the
released drug amount. It clearly figured out that ultrasound
treatment exploded the nanobubbles and deteriorated their
structural uniformity which allowed drug molecules to burst-
release into the environment.

As a second effecting parameter, the amount of drug loaded
into nanobubbles was investigated for the 24-hour releasing
process. Herein, nanobubble samples having four different
drug amounts were exploded via ultrasound treatment before
the release experiment as mentioned before (Fig. 6B). In parallel
with previous results, the increase in the loaded amount of the
drug caused an increase in the release percentage. Cumulative
drug release rates were calculated as 39.4%, 52.2%, 66.8%, and

View Article Online
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75.3% for the feeding drug amount varied as 1.0, 2.0, 3.0, and
4 mg at 24 h, respectively. The increase in the rate is closely
related to the amount of the drug inside nanobubbles because the
explosion by ultrasound treatment allowed drug molecules to be
free from the nanobubbles more easily and rapidly be released
into the environment, which resulted in a higher concentration,
in other words, higher cumulative release rate.

As a third effecting parameter, the temperature was varied in
the range of 4.0-40.0 °C, the same as in the previous experiment
for 24 hours (Fig. 6C). The drug release results as shown in Fig. 6C
revealed that the most appropriate temperature was 37.0 °C
according to the highest cumulative release rate. Herein, two
interesting outcomes should be mentioned: the first, the cumu-
lative release rate observed at 40.0 °C was lower than that at
37.0 °C. This result pointed out that not only the structural
uniformity of the nanobubbles but also the interactions (between
the drug and the polymeric shell) and conformation of the
polymeric shell influenced the release rates. Moreover, the explo-
sion disrupted the nanobubbles in combination with the tem-
perature effect as discussed before; however, the polymeric
residues may create smaller shells around drug molecules or
strongly bind the drug molecules, which direct drug diffusion
was limited under both situations. Secondly, the drug molecules
might be loaded both in the inside of nanobubbles and in
between shell and surfactant molecules. In conclusion, the tem-
perature of the releasing environment is one of the key factors in
adjusting the cumulative drug release amount with respect to the
desired amount of the drug to be released.

3.4. Mathematical modeling of release kinetics

The data obtained from the drug release studies were modeled
by using three well-established mathematical equations as
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Table 2 Mathematical modeling of drug release kinetics results
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Regression coefficient, R

Parameters pH n Korsmeyer-Peppas Zeroth-order First-order
Without ultrasound For the first 120 min 5.5 0.42 0.96 0.83 0.74
6.0 0.73 0.97 0.91 0.78
6.8 0.70 0.98 0.92 0.80
7.0 1.08 0.96 0.93 0.75
7.4 0.90 0.93 0.85 0.68
From day 1 to day 6 5.5 0.33 0.96 0.99 0.99
6.0 0.53 0.97 0.99 0.97
6.8 0.43 0.95 0.98 0.98
7.0 0.54 0.94 0.98 0.99
7.4 0.36 0.92 0.98 0.99
With ultrasound 5.5 0.37 0.98 0.93 0.74
6.0 0.55 0.83 0.79 0.45
6.8 0.51 0.89 0.91 0.58
7.0 0.68 0.89 0.92 0.56
7.4 1.04 0.99 0.90 0.93

mentioned before (Table 2) while the respective figures are
given in ESIT (Fig. S8-S11). Herein, the data were categorized
into two main rows: with/without ultrasound treatment. The
drug releasing data without ultrasound treatment were ana-
lyzed in details with respect to both the first 2 h (0-120 min)
and 6 days (1440-8640 min) because the first releasing period
was observed as burst and steeply kinetic while differing
from the general releasing profile. In the case of ultrasound-
untreated nanobubbles, the release kinetic mainly depended
on the diffusion of drug molecules from the polymeric shell
where they were entrapped or inside of the nanobubbles where
they were encapsulated. In the first section of the table (for the
period of 0-2 h), the release kinetics parameters at different pH
environments were analyzed employing the zeroth-order, first-
order, and Korsmeyer-Peppas kinetic models. It was observed
that ultrasound-untreated nanobubbles showed different pH-
dependent releasing kinetics. They followed the Fickian diffu-
sion law at pH 5.5 whereas they showed non-Fickian release
behavior at pH values of 6.0 and 6.8 with the introduction of
the swelling effect. Differently, super case II range behavior
was observed at pH values of 7.0 and 7.4 with respect to the
calculated n values (n > 0.89). These results pointed out that
there is no single parameter like pH-dependent interaction
through complementary charges to control the release profile.
However, a combination of parameters including intermole-
cular interaction, swelling, structural stability, and conforma-
tion cooperated to determine the release kinetic profile as
discussed before. In the second section (from day 1 to day 6),
diffusion-controlled release kinetics were dominant at pH
values of 5.5 and 7.4 (Fickian behavior) whereas simultaneous
diffusion- and swelling-controlled release kinetics were deter-
mined at pH values of 6.0, 6.8, and 7.0 (non-Fickian behavior).
With respect to the regression coefficients (R*), both release
kinetics are consistent with the Korsmeyer-Peppas kinetic
model for the first 2 h whereas zeroth-order kinetic at lower
pH values and first-order kinetic at higher pH values were
observed for 6-days releasing data. In the third section of the
table, the data for ultrasound-treated nanobubbles were ana-
lyzed within the first 24 h-releasing period. Similar to untreated

12058 | J. Mater. Chem. B, 2024, 12, 12050-12061

nanobubbles, treated nanobubbles followed diffusion-controlled
release kinetic (Fickian behavior) at only pH 5.5. However, diffu-
sion- and swelling-controlled (non-Fickian behavior) was observed
at wider pH ranges as 6.0, 6.8, and 7.0. Interestingly, super case II
behavior was dominant at pH 7.4 because only swelling gained
importance after the explosion process exposed the glassy poly-
meric fragments. In general, diffusion control the releasing
process at lower pH values due to the interaction balance between
protonated-deprotonated groups on the poly-peptide based poly-
mer and the drug. Therefore, diffusion (especially at pH 5.5) still
acted as a limiting factor, although the integrity of the polymeric
shell disappeared after the explosion. At intermediate pH values
(pH 6.0 to 7.0) the effect of diffusion as well as polymer swelling
and drug dissolution became more pronounced. In the last part
(pH 7.4), the interaction strength of the interacting groups
decreases, and an effective release (super case II) profile is
established.

3.5. Cytotoxicity studies

For the MTT assay, L929 cells and HeLa cells were treated with
drug-free (bare) nanobubbles, drug-loaded nanobubbles, ultra-
sound-exploded drug-loaded nanobubbles, and free drug at
different (5, 10, 25, 50, and 75 pM) concentrations. MTT results
showed that drug-free nanobubbles did not adversely affect
cell viability and drug-loaded materials caused a decrease in
viability at increasing concentrations for both healthy and
cancer cell lines (Fig. 7 and 8). L929 cell viability was close to
that of the control group in the drug-free nanobubble group.
However, there was a decrease in cell viability with increasing
concentration in the drug-loaded nanobubbles, ultrasound-
exploded drug-loaded nanobubbles, and free drug groups
especially above 25 uM (Fig. 7).

HeLa cell viability remained close to 100% in the control
group and the drug-free nanobubble group, which revealed that
the drug-free nanobubbles were also harmless in HeLa cells
identical to L929 cells (Fig. 8). This result indicated that anti-
cancer or toxicity effect of nanobubbles were not stemmed from
polymeric shell collagen. On the other hand, a significant
dose-dependent decrease in cell viability was observed in the

This journal is © The Royal Society of Chemistry 2024
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drug-loaded nanobubbles. Beginning at 5 pM, the drug groups
started to show an anti-cancer effect, which became more
significant as the drug concentration increased. Especially at
a concentration of 75 uM, cell viability decreased below 25%,
emphasizing the strong antiproliferative effect of IBR.
Furthermore, ultrasound-exploded nanobubbles showed a
similar anti-cancer effect on the free drug group and drug-
loaded nanobubbles, as they allowed controlled drug release.
A significant decrease in cell viability was observed even at low
concentrations, indicating that ultrasound-assisted drug
release is more effective than without ultrasound treatment.
Especially at high concentrations, cell viability decreased
below 25%. Overall, the viability results showed a dose-
dependent increase in the anti-cancer effect. The cell death
rate at high concentrations (50 uM and above) in the free drug
and drug-loaded nanobubble groups is quite high, proving
that IBR shows a strong antiproliferative effect on HeLa cells.
These results indicated that IBR effectively induces cell death
when applied with nanobubble-based delivery systems whereas
ultrasound-exploded nanobubbles are effective in controlled
drug release at higher concentration, especially.

This journal is © The Royal Society of Chemistry 2024

As given in the ESIT file (Fig. S12 and S13), optical micro-
scopy images observed in both cell culture studies verified that
increased concentrations caused morphological changes for
both cell lines, especially for HeLa cells. Both cell types typically
exhibit an epithelial-like morphology. While this morphology
was maintained in the control group, significant alterations
were observed in the morphology of cells in the increased
concentrations, particularly in the HeLa cells. L929 cell mor-
phology was changed to a round form with higher concentra-
tions of drug-loaded, ultrasound-exploded nanobubbles, and
free drug while control cell morphology was preserved in the
drug-free nanobubble group (Fig. S12, ESIt). HeLa cells also
lost their natural morphology and adopted a round shape for
higher concentrations of drug-loaded, ultrasound-exploded
nanobubble group while in the free drug group the death cell
number was increased and the cell morphology couldn’t be
observed. Control cell morphology was preserved in the drug-
free nanobubble group for Hela cells (Fig. S13, ESIf). The
morphological changes of cells supported viability results.
Furthermore, the drug-free nanobubbles didn’t exhibit any cyto-
toxic effect on both cell lines showing almost the same cell

J. Mater. Chem. B, 2024, 12,12050-12061 | 12059


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb01608d

Open Access Article. Published on 09 October 2024. Downloaded on 12/23/2025 11:11:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

viability as the control group. In line with this result, it is possible
to say that perfluoropentane used in the internal gas structure
of the bubbles does not show any cytotoxic effect at low
concentrations.>® According to the MTT results of drug-
loaded nanobubbles with/without ultrasound treatment, it
was observed that the cytotoxic effect increased as the concen-
tration increased in parallel with IBR treatment. The difference
in cell viability between the drug-loaded nanobubbles with/
without ultrasound and IBR has resulted from the controlled
release of IBR from the nanobubble system. IBR, Bruton’s
tyrosine kinase inhibitor, shows antiproliferative effects on cells,
especially human ovarian, breast, and lung cancers.>® For this
reason, at concentrations as low as 5 uM, IBR was found to have a
cytotoxic effect on both cell lines, which increased with concen-
tration. At higher concentrations (above 25 uM for L919 cells and
above 5 uM for HeLa cells), ultrasound-treated nanobubbles
showed similar activity to IBR. With increasing drug loading
concentration and ultrasound treatment, the cytotoxic activities
became similar. It can be concluded that the IBR-loaded nano-
bubble system has a parallel cytotoxicity pattern to free IBR. The
findings from the HeLa cell culture study suggest that nano-
bubble systems have the potential to be highly efficacious in the
context of passively targeted and controlled drug release for soft
tissue cancer cells.

4. Conclusions

Targeting only the tumor side, decreasing side-effects of che-
motherapeutics, and increasing their solubility and bioavail-
ability are major and challenging issues not only for cancer
therapy but also controlled drug releasing research. Because
most of chemotherapeutics have hydrophobic nature and are
easily metabolized, they must be administered in a higher
amount more than enough for complete curing the illness.
Therefore, increasing their solubility may extend their bioavail-
ability; however, administering a higher amount damages
tumor issue as well as healthy cells through the circulation.
In this respect, a triplex approach attracts researchers’ attention
to overcome undesired effects of chemotherapeutics. Herein, a
synergetical strategy was developed by utilizing/combining the
passive-targeting feature of collagen, high efficiency of IBR, and
good penetration and ultrasound-responsivity of nanobubbles.
The developed collagen nanobubbles showed superior properties
in terms of increasing solubility of IBR, controlled release of the
cargo agent, and cell targeting. In the case of no ultrasound
treatment, the release kinetic studies revealed out that a burst
release behavior was observed for first 2 hours whereas a first-
order release kinetics was determined for further time frame of
up to 6 days, when almost 70% percent of loaded drug was
released. On the other hand, the similar cumulative releasing
performance was achieved in only 24-hours with ultrasound
treatment. Furthermore, the developed nanobubbles have bio-
compatibility in the light of cell culture study results. In addition,
a critical drug level was observed as 50 pM, in which drug-loaded
nanobubbles behave as a free drug after ultrasound treatment.
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In addition, the cytotoxicity test served as a basic data source
for further in vivo studies. In conclusion, it should be mentioned
that the nanobubbles has a potential for targeted controlled
delivery for IBR with the aim of safer, cheaper, and efficient
chemotherapy, especially of soft tissue tumors like lymphoma or
breast cancer.
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